Magic-angle spinning. Rotors were spun at the magic-angle at the following frequency: 111 kHz for CP-HSQC spectra shown in Fig. S1c,d and both ribose-and base-tuned (H)NCH spectra shown in Fig. 3 ; 108 and 107 kHz for the HCCH-TOCSY spectra acquired on the 1 GHz and 800 MHz spectrometers, respectively; 100 kHz for the (H)NCCH-TOCSY (in Fig. S3 ) and CP-HSQC spectra shown in Fig. S1a ,b,e,f; 109, 60, 40 and 20 kHz for the CP-HSQC spectra shown in Fig. 1b ; from 40 to 109 every 10 kHz for the T 1  measurements summarized in Fig. S2 . Magic-angle was carefully adjusted before every measurement by maximizing the signal in the 13 C-1 H CP-HSQC experiment followed by a constant-time 1 H echo period.
Temperature control. The sample temperature was maintained at approximately 280 K using a Bruker cooling unit (BCUII) with a sufficient flow of dry N 2 gas. The sensor indicated the temperature after the bearing, drive and cooling gases are mixed. The following values were requested, depending on a MAS frequency and an amount of associated frictional heating: 255, 260, 265, 270, 275 and 280 for MAS rate of 111 to 107, 100, 90, 80, 70, and 60 to 20 kHz, respectively.
Shimming. The field homogeneity was controlled with a sample of adamantane using a one-pulse 13 C spectrum with low-power swept-TPPM 1 H decoupling. Full-width at halfheight below 5 Hz was always observed after shim adjustment for the downfield 13 C line.
Field stability. The experiments were acquired without the field lock except those performed on the 800 MHz spectrometer with a HCND 4-channel 0.7-mm probe (on a sample precipitated from a 9:1 D 2 O:H 2 O solution). Field stability was monitored using 1D 1 H spectra before and after the experiments, and, whenever necessary, the uniformly sampled 3D spectra were corrected for magnet drift using in-house written nmrPipe 7 scripts. 4D NUS data were only corrected in the directly detected dimension.
Spin decoupling. WALTZ-16 8 decoupling with B 1 /2 = 10 kHz was used for 1 Hdecoupling during indirect heteronuclear evolution periods. WALTZ-16 was also used for 15 N decoupling during evolution of 13 C spins, and the B 1 strength was 10 kHz except for (H)CH and (H)NCH experiment for bases, where B 1 /2 = 20 kHz was necessary to cover the chemical shift range of N1, N3, N7 and N9 spins coupled to C2, C6 and C8 spins. DIPSI-3 9 decoupling with B 1 /2 = 20 kHz was used for 13 C decoupling during either 1 H or 15 N evolution periods, including acquisition of 1 H signal. In the particular case of spectra acquired at MAS frequency of 20 kHz, SPINAL-64 10 with RF amplitude of 100 kHz and pulse length of 4.8s was applied for 1 H decoupling during 13 C transverse magnetization periods.
Solvent suppression. The MISSISSIPPI 11 scheme was employed to suppress H 2 O or HDO residual signal during z-storage of 13 C magnetization. 50 ms (or 200 ms for the sample in 100% H 2 O) of RF irradiation with B 1 /2 of approximately 45-50 kHz was used.
TOCSY mixing. WALTZ-16 8 scheme was employed to isotropically mix 13 C zmagnetization in the ribose spin system. The duration of mixing was set to 25 ms to maximize the signal transferred from 13 C5' to 13 C1' as monitored on a series of 2D (H)C(C)H-TOCSY experiments. RF strength was set to B 1 /2 = 25 kHz. A z-filter (a delay) of 5 ms before and after WALTZ-16 mixing was applied.
Inter-scan delay. A delay of 0.9-1.0 s was applied for optimal recovery of 1 H zmagnetization. High-power RF pulses. The typical durations (and RF field strengths) of "hard" pulses were 2.5 s (100 kHz), 5.5 s (45.5 kHz) and 3.0 s (83.3 kHz) for 1 H, 15 N and 13 C nuclei, respectively.
Cross-polarization (CP) conditions. The shapes, offsets, durations and powers employed for cross-polarization transfers are summarized in Table S2 .
Parameters and issues specific to experiments are discussed in the following: (Fig. 2) . The experiment follows, with little modifications, the scheme proposed by Rienstra and co-workers 12, 13 . In particular, protonated base 13 C spins (C2, C6 and C8) were recorded separately from ribose 13 C spins (C1'-C5') to avoid offresonance effects and line shape distortions. For this reason, selective 13 C refocusing pulses from BURP family 14 were applied to eliminate signals outside of the region of interest. A pulse of 350/250 s and max. B 1 amplitude of 17.9/25.0 kHz was used for the selection of base/ribose resonances, respectively. The 1 H, 15 N and 13 C carrier frequency was set to 4.8, 160 and either 80 (for ribose 13 C) or 145 ppm (for base 13 C), respectively. Quadrature-detection in  1 ( 13 C) was accomplished using the States-TPPI procedure 15 by simultaneous incrementation of t 1 and the phase of 13 C RF irradiation during the 1 H→ 13 C CP (in steps of /2). The following phase cycle was used:
C-1 H CP-HSQC
the phase of the first 1 H /2 pulse,  2 is the phase of the selective 13 C pulse (ReBURP),  3 is the phase of 1 H RF during the 1 H→ 13 C CP, and  REC denotes the receiver phase.
H bulk T 2 ' measurement.
The results shown in Fig. 1c were obtained with a slightly modified ribose-or base-selective 13 C-1 H CP-HSQC experiment, where a timeincremented 1 H echo is performed directly before the acquisition of 1 H signal. The signal was indirectly sampled to at least 2T 2 '( 1 H) to ensure fidelity of the exponential fit (minor deviations are observed as the experiment yields intensity-averaged bulk T 2 '). (Fig. S2) . The experiment also derives from base-selective 13 C-1 H CP-HSQC, in which 13 C chemical evolution in t 1 is replaced by a timeincremented 13 C echo with a selective 13 C refocusing pulse. The measurements were performed for 13 C6/8 only, since, in contrast to ribose carbon spins, C8 nuclei do not show significant homonuclear J-couplings, and C6 can be easily decoupled from C5 spins with a selective ReBURP pulse (of 769 s duration and max. RF field of 8.15 kHz). (Fig. S3) . The experiment is derived from 13 C-1 H CP-HSQC by the insertion of a 1 H spin-lock rectangular pulse of adjustable duration and RF field strength directly after the first 1 H pulse. (Note that for more precise site-specific studies, this spin-lock pulse should rather be placed directly before acquisition.) 13 C bulk T 1  measurement (Fig. S3) . Similarly, a 13 C-1 H CP-HSQC pulse scheme is used, with an additional 13 C spin-lock rectangular pulse of adjustable duration and RF field strength. This pulse is performed just after the 1 H→ 13 C CP. (Fig. 3) . First, 15 N spins are polarized from distant protons with a long-range CP, and their chemical shift is evolved (t 1 ). Subsequently, magnetization is transferred to 13 C1' with a selective CP to avoid the concurrent pathway 15 N1→ 13 C base .
C bulk T 2 ' measurement

H bulk T  measurement
(H)NCH-ribose tuned
After the evolution of 13 C1' (t 2 ), magnetization is flipped-back for a z-storage, followed by a solvent suppression period. Finally, the 13 C /2 pulse re-excites 13 C spins, which are then transferred with a short CP to directly bonded 1 H for detection. Despite the relatively small chemical shift difference between C1' and C6/8 spins (40-60 ppm corresponding to 10-15 kHz on a 1 GHz spectrometer) compared to the 13 C RF field strength required to trigger 15 N→ 13 C CP at ultrafast MAS, the selectivity towards C1' can be obtained with either on-resonance CP (i.e. at the offset of C1', or below) and a decreasing 15 N RF strength, or with an off-resonance CP (i.e. at the offset of C6/8 or above) and a increasing 15 (H)NCH-base tuned (Fig. 3) . The pulse sequence is identical to the (H)NCH experiment for ribose spins, and the selectivity is obtained with the 13 C carrier shifted to approximately 144 ppm. Either CP on-resonance with 13 C6/8 and decreasing 15 N RF field strength, or an off-resonance CP (e.g. at the 13 C effective offset of 13 C1' or below) and an increasing 15 N RF strength can be used for the 15 N→ 13 C CP. Note that the leak of magnetization to C2/C4 carbons (for pyrimidine/purine residues) cannot be prevented. Additionally, the initial polarization is smaller for purine base 15 N9 spins, since H8 protons polarize both nearby N7 and N9 spins. One observes additional pathways from N1 and N3 to C2-H2 in Adenine bases. To avoid confusion between N7 and N9 one has to ensure sufficient spectral window in  1 . In our setup, we decided for a reasonable window of 100 ppm 15 N which folds N1, N3 and N7 to an upfield edge of  1 , so that they appear at lower frequencies than N1 and N9. (Fig. 3) . The pulse scheme has been derived from 3D (H)CCH-and H(C)CH-TOCSY experiments described previously for proteins. 16 To minimize the spectral windows in the indirect dimensions, the 1 H, 15 N and 13 C carrier signal was set to 5.6, 160 and 80 ppm, respectively, with only minor adverse effects on the solvent suppression. No additional means were applied to obtain selectivity for ribose 13 C spins, therefore a low intensity signal of base 1 H6/8 spins can be observed in the respective region of the directly observed dimension. The following phase cycle was used:
HCCH-TOCSY
where  1 is the phase of 13 C RF during the 1 H→ 13 C CP,  2 is the phase of 1 H RF during 1 H→ 13 C CP,  3 is the phase of the 13 C /2 pulse before t 3 , and  REC is the receiver phase. Quadraturedetection in  1 ( 1 H),  2 ( 13 C) and  3 ( 13 C) was accomplished using the States-TPPI protocol by a simultaneous incrementation of either t 1 , t 2 or t 3, and either decrementation of the phase  2 , or incrementation of the phase  1 , or the phase  3 (in steps of -/2 or +/2), respectively. 3000 t 1 /t 2 /t 3 NUS points (1.7%) were randomly chosen out of the full 3D grid, using exponentially weighted distribution functions (with assumed T 2 * of 1.8 and 2.7 ms for 1 H and 13 C, respectively) and otherwise default settings of the build-in TopSpin utility, originally provided by Orekhov and co-workers. 17 The experiment was performed also at the 800 MHz spectrometer, with truncated indirect evolution times to favor sensitivity over resolution. In this case, 4320 NUS points (26.3%) were randomly chosen using exponentially weighted distribution of points with the approximate T 2 * of 2.7 and 3.0 ms for 1 H and 13 C dimensions, respectively.
(H)NCCH-TOCSY (Fig. S4) . Magnetization is transferred from 1 H to 15 13 C ReBURP pulse after t 2 ,  3 is the phase of the first 1 H /2 pulse, and  REC is the receiver phase. Quadrature-detection in  1 ( 15 N),  2 ( 13 C1') and  3 ( 13 C1'-5') was accomplished using the States-TPPI protocol by a simultaneous incrementation of either t 1 , t 2 or t 3, and either incrementation of the phase  1 , or the phase of the "hard" 13 C /2 pulse before the TOCSY mixing, or by decrementation of the phase of the "hard" 13 C /2 pulse after t 3 (in steps of +/2 or -/2), respectively. 1400 t 1 /t 2 /t 3 NUS points (4.9%) were randomly chosen out of the full 3D grid, using exponentially weighted distribution functions (assuming T 2 * of 3.2, 2.7 and 2.4 ms for 15 N, 13 C1' and 13 C1'-5', respectively).
Data processing and analysis. 13 C chemical shifts were referenced as described by Morcombe and Zilm, 18 15 N and 1 H chemical shifts were referenced indirectly using chemical shift referencing ratios from. 19 The spectra were processed with NMRPipe 7 and visualized with CcpNmr Analysis. 20 NMRFAM-Sparky 21 was used to elucidate the resonance limiting line widths, defined as full widths at half-height of a sufficiently sampled signal, with no window function applied in the processing. NUS data were converted using nmrPipe and processed with the cleaner4d program from the SSA package. 22 a Tangential amplitude modulation S(x)=1 ± 0.1 tan[(x -0.5)] / tan(0.5), where  = 7/9 (effectively, the tangent is truncated at 70 deg at the edges) and x varies from 0 to 1 throughout the CP. The ramp with increasing amplitude (with + in the formula) leads to off-resonance 15 N→ 13 C CP, while with the ramp "down" (with -in the formula) the on-resonance 15 N→ 13 C CP occurs first. a For the NUS experiments, the parameters refer to the Fourier processing after the reconstruction of missing signal points b The terms denote: QSINEq -squared shifted sine bell function: w(t) = sin [ (1 -1 / q)(t / t max ) + / q ] 2 (where q = 2 and 3 for QSINE2 and QSINE3, respectively). GM a/b -mixed Lorentian-Gaussian function w(t) = exp [ (-a) t + ( a / (2 b t max ) t 2 ) ]; here a = -60 Hz and b = 0.2. c Apodization function is not mandatory for the data sampled with exponentially weighted distribution of points 3. Aggregated 1 H, 13 C and 15 N chemical shifts 
a Assignments derived from only one spectrum are shown in italics. b Resonances assigned previously in 13 C-detected experiments but not assigned in this work are not shown. [2] c "A*/G*" denotes unresolved resonances belonging to nucleotides 11-13 in the loop and/or G14/G24 
Proton and carbon rotating-frame relaxation
Rotating-frame relaxation times are particularly important in solids since they determine (among other factors) the efficiency of cross-polarization. In the present study, we frequently use CP transfers of extended durations, e.g. for a long-range 1 H→ 15 N (up to 13 ms) and one-bond 15 N→ 13 C transfer (up to 20 ms). Also, 13 C T 1  translates into efficiency of TOCSY mixing (here 25 ms was used), employed in HCCH and (H)NCCH experiments. For this reason, we investigated here the dependence of 1 H and 13 C T 1  of ribose spins on the MAS frequency (between 40 and 110 kHz). Rotating-frame relaxation is dependent on the B 1 field strength, and prominently enhanced close to the rotary-resonance conditions (B 1 /2 = ½  R ,  R , R , etc.). To simplify this complex phenomenon, we measured first the signal intensity of the ribose resonances when applying a constant-time spin-lock pulse (of 15 ms and 10 ms for 13 C and 1 H spin-lock, respectively) at varied RF field strength in the range permitted by the RF properties of the 0.7 mm MAS probe. The resulting spectra were integrated over the entire region of H1' resonances, and integrals normalized to the intensity of a reference (H)CH 1D signal at the given MAS frequency. Fig. S3a demonstrates that 13 C T 1 relaxation is attenuated as the MAS rate increases, with improved separation between dips corresponding to the consecutive resonancerotary conditions. 1 H rotating-frame relaxation shows a similar dependence (Fig. S3c) ; however, for B 1 field strengths above 130-150 kHz similar rates are obtained regardless of MAS rate (unless a resonance-rotary condition is approached). In practice, such strong B 1 fields cannot easily be used when spinning rotors at moderate MAS rates in probes with RF coils of larger diameters, due to the large current amplitude required. Therefore, ssNMR spectroscopy at MAS frequency > 100 kHz has the additional advantage to easily reach this optimal regime of 1 H B 1 and thus extend the spin-locked relaxation time. Additionally, we recorded time-series at selected RF field strengths to allow a crude estimation of relaxation times at the given conditions (Fig. S3b,d ). We focused our attention on the case of B 1 /2= ¼  R as it is always far from the rotary-resonance condition, and additionally at one constant B 1 field strength: 40 kHz for 13 C and 150 kHz for 1 H. We abstained from fitting these time-series due to frequent deviations from the exponential decay. Fig. S4 . Magnetization transfer (a) and radiofrequency irradiation scheme b) for the (H)NCCH-TOCSY experiment. Arabic numbers in a) correspond to spectral dimensions (t 1 -t 4 ) in the pulse scheme (b), and roman numbers indicate the CP transfers. Representative 2D planes from the 4D experiment showing the spin systems of (c) U8, (d) G10, and (e) C17. 13 C and 15 N frequencies are indicated in each panel. For reference, in panels (c-f) the red contours of the 4D (H)NCCH-TOCSY spectrum are overlaid onto the 2D CP-HSQC spectrum (in grey). The spectrum was recorded on a 1 GHz spectrometer and at 100 kHz MAS.
4D (H)NCCH experiment
